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Abstract

Environmental factors, mainly oxidative stress and exposure to sunlight, induce the oxida-

tion, cross-linking, cleavage, and deamination of crystallin proteins, resulting in their aggre-

gation and, ultimately, cataract formation. Various denaturants have been used to initiate

the aggregation of crystallin proteins in vitro. All of these regimens, however, are obviously

far from replicating conditions that exist in vivo that lead to cataract formation. In fact, it is

our supposition that only UV-B radiation may mimic the observed in vivo cause of crystallin

alteration leading to cataract formation. This means of inducing cataract formation may pro-

vide the most appropriate in vitro platform for in-depth study of the fundamental cataractous

fibril properties and allow for testing of possible treatment strategies. Herein, we showed

that cataractous fibrils can be formed using UV-B radiation from α:β:γ crystallin protein mix-

tures. Characterization of the properties of formed aggregates confirmed the development

of amyloid-like fibrils, which are in cross-β-pattern and possibly in anti-parallel β-sheet

arrangement. Furthermore, we were also able to confirm that the presence of the molecular

chaperone, α-crystallin, was able to inhibit fibril formation, as observed for ‘naturally’ occur-

ring fibrils. Finally, the time-dependent fibrillation profile was found to be similar to the grad-

ual formation of age-related nuclear cataracts. This data provided evidence for the initiation

of fibril formation from physiologically relevant crystallin mixtures using UV-B radiation, and

that the formed fibrils had several traits similar to that expected from cataracts developing in

vivo.

Introduction

Cataracts are a leading cause of blindness worldwide and are characterized by opacification of

the ocular lens. The only available current treatment for cataract is the surgical removal of the

lens and replacement with a synthetic one. Alternative treatments would be enormously valu-

able, particularly for third-world countries due to the relatively excessive cost of the surgery

and limited access to trained surgeons. Development of alternative therapeutic options is
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significantly hindered by the fact that an in vitro model of cataractous aggregates that mimics

the naturally forming aggregates is not available for testing drugs, understanding aggregation

initiation, etc. Considering cataract as a protein aggregation disease and applying a strategy

similar to that utilized with neurodegenerative disorders, it’s possible to elucidate the fibrilla-

tion mechanism in vitro and further utilize these fibrils as a platform for drug testing. In this

regard, research focusing on in vitro cataractous fibril formation from the aggregation of a

variety of crystallin proteins has been intensely investigated under various denaturing condi-

tions: heat, denaturant chemicals, pH shifts and UV-radiation [1–4].

Ocular lens transparency is maintained by multiple factors, including the presence of a high

concentration of crystallin proteins and the level of chaperone content within the lens tissue

[5]. Lens epithelial cells surrounding the lens capsule maintain the transport to the lens and

continue to differentiate into fiber cells with a decline with age. The decreased α-crystallin

expressions in lens epithelial cells could be associated with cataractogenesis [6–8]. Moreover,

due to the fact that the fiber cells within the adult lens have lost their ability to express new pro-

teins [9], any damage to crystallin proteins within the lens accumulates over time, and this

accumulation ultimately causes a loss in protein solubility, leading to the formation of catarac-

tous fibrils [5].

A wide variety of protein modifications have been identified in cataractous tissues: deami-

nation, oxidation, racemization, truncation, phosphorylation and backbone cleavage [10, 11].

These modifications arise by the natural pathways of ageing (oxidative stress) [12] and expo-

sure to ultraviolet light [13]. Even though, various denaturing conditions have been shown to

initiate crystallin aggregation in vitro, the sensitivity of different crystallin classes varies

depending on the denaturant. For instance, α-crystallin is not affected by heat inactivation

as much as it is affected by UV-photodamage [14]. Moreover it’s shown that α-crystallin

can enhance its chaperone activity against photodamage after partially unfolding its quater-

nary structure by pre-incubation at higher temperatures up to 60˚C [15]. On the other hand

β-crystallins are more resistant to UV-induced aggregation than are γ-crystallins [16–18].

More importantly, the different denaturant sensitivities of crystallins designate the pathway

of aggregation and in return result in aggregates with divergent structures. For instance, at

microscopic scale, it is possible to observe the formation of granular structures under heat

denaturation versus fibrillar assembly under acid-induction of γ-crystallin [4]. When com-

pared to using acid to induce aggregates, UV-B induced aggregation results in covalent

structure alterations such as cross-linking, polypeptide cleavage, and side chain damage in

γ-crystallin [19]. In light of this, it can be said that all crystallin aggregates will structurally

differ from each other depending on the denaturant conditions and therefore it will be

impossible to suggest either a generalized pathway for aggregation or a common solution

for their reverse aggregation.

In order to build a platform to study the characterization and development of cataracts and

to investigate alternative therapies for treating cataracts, it is crucial to have a system that

forms cataractous fibrils under similar conditions as experienced in vivo. Among all applicable

denaturant conditions, UV radiation may be the most relevant to disease initiation and pro-

gression. The effect of exposure to UV radiation in sunlight has already been associated with

the formation of age-related cataracts [12, 20]. Also, it has been shown that UV induced aggre-

gation of recombinant crystallins exhibit the same properties as proteins isolated from in vivo
cataracts [21]. Within the UV spectrum, UVA (400–315 nm) lights that can penetrate deeper

to the lens tissue are found to generate less damage to the ocular tissues compared to high-

energy UVB (315–280 nm) lights, which are mostly absorbed by atmospheric ozone, upper

eyelids and aqueous humor [22–27]. This effect can be associated with the presence of aro-

matic amino acid residues in crystallin proteins typically absorb in the wavelength range of
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UVB radiation [25, 28]. In general, photo-oxidation of proteins occurs due to the UV absorp-

tion by chromophore groups, which are tryptophan, tyrosine, phenylalanine, histidine and

cysteine residues. Among them tryptophan residues are the most significant ones that absorb

and filter most of the UV radiation within the range of 240–310 nm [29, 30]. However, long-

term photo-oxidation results with their conversions -tryptophan to N-formylkynurenine and

kynurenine, methionine to sulphoxide and cysteine to cysteine-, which introduces additional

groups to the protein and therefore affect their hydrophobicity, stability and unfolding dynam-

ics [31, 32]. Besides, the backbone cleavages (fragmentation of the protein) and cross-linking

between altered histidine residues and lysine, cysteine or other histidine residues emanate.

Collectively these alterations are found to result with high molecular weight, aggregated pro-

tein structures [33]. The effect of UV damage on lens tissue is prevented by the presence of

UV filters. However, as a result of aging process, the concentration of UV filters in the lens

decreases over time and the UV damage can be observed and lead to cataract formation [33].

So far, the aggregation profiles and aggregate structures of different crystallin classes have

been studied under ultraviolet radiation and provide valuable information for individual pro-

teins [34–37]. However lens tissue is composed of three different crystallin classes (namely α, β
and γ-crystallins). Accordingly, aggregates formed within the lens are composed of various

crystallin proteins. For this reason, we investigated the UV-B induced aggregation of recombi-

nant α:β:γ crystallin mixtures in different ratios. Although it is evident that all three crystalline

classes are found in in vivo aggregates, this situation is rarely studied in as systematic a manner

as presented herein. Our results confirmed the development of amyloid-like fibrils, which

were prone to protection by α-crystallin, as it should be in the natural eye. Thus, we believe,

that mixture can serve as a platform for studying cataract formation and for testing the effi-

ciency of drug candidates.

Materials and methods

Expression and purification of Human crystallin proteins

Protein sequences for the human crystallin αB (UniProtKB accession number P02511),

human crystallin βB2 (UniProtKB accession number P43320) and human crystallin γD (Uni-

ProtKB accession number P07320) were converted into DNA sequences and codon optimiza-

tion was applied for the protein expression in Escherichia coli cells. The human crystallin genes

were inserted into a pET15b vector between the NdeI and EcoRI restriction sites. Enterokinase

cleavage site (Asp-Asp-Asp-Asp-Lys) was coded into the N- terminal part of the each gene.

The correct sequence, insertion and orientation of the crystallin constructs were verified by

DNA sequencing.

Recombinant proteins were expressed in E. coli BL21(DE3) host cells and protein expression

was induced with 1mM IPTG for 18 hr at 37˚C. Both recombinant human crystallin proteins

were purified with the same manner using metal affinity chromatography (IMAC) with Ni-

NTA column and enterokinase digestion was performed for the removal of N-terminal His-

tag. (Protocol A in S1 File).

Recombinant proteins were visualised with SDS-PAGE before and after His-tag removal

(Protocol B and Fig A in S1 File). In Gel Protein Identification analyses were performed at

Alberta Proteomics and Mass Spectrometry Facility—University of Alberta (Fig B in S1 File).

UV-B induced fibrillization

Both individual and four different molar ratios of α, β and γ crystalline (α:β:γ as 0:2:1, 1:2:1,

5:2:1 and 10:2:1) proteins were prepared at 3mg/ml concentration in Phosphate buffer (10mM

Sodium Phosphate, 200mM NaCl, pH 7.5). UV-B induced fibrillization was carried out by

UV-B induced fibrillization of crystallin protein mixtures
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exposing proteins to UV-B (302 nm) at room temperature for 10 hours. The samples were

incubated in sealed polypropylene tubes with 80% UV transmission. The temperature during

the UV-B incubation was stable at 37˚C till the end of the experiment. The initial control sam-

ples were incubated at either 37˚C incubator or room temperature (RT) with no UV radiation

during the course of the experiment. Since both of the control samples (room temperature or

37˚C) resulted with the same color appearance and the same degree of aggregates, room tem-

perature control used for the rest of the experiments. The samples collected in different time

points (0.5, 1. 2, 5 and 10 hours) were analyzed with SDS-PAGE, ThT assay and TEM.

Thioflavin T (ThT) assay

The presence of amyloid-like fibril structures in crystallin fibrils was confirmed with the

increased fluorescent intensity in ThT assay. The assay was performed in Corning1 96-well

clear bottom black polystyrene fluorescence micro-plates by using 2μl protein (3mg/ml)

diluted in 200 μl of 5 μM ThT solution (50 mM glycine-NaOH buffer, pH 9.0). The spectra

was acquired by using a FlexStation13 Multimode Microplate Reader (Molecular Devices,

LLC.) at excitation wavelength of 440 nm and emission scanning wavelengths from 450–550

nm. Each sample was analyzed with three replicates and the average values were calculated.

One-way ANOVA with posthoc Tukey HSD Test was applied for statistical analysis.

Circular dichroism (CD) analysis

CD spectra of proteins (0.05 mg/ml in 100 μM PBS) were obtained with a Jasco J-810 CD/

ORD spectropolarimeter (Jasco Co., Tokyo, Japan) by using 1.0 mm cuvette. The spectrum

derived represents an average of three scans with a smoothing factor of 9. The secondary struc-

ture predictions were acquired with DichroWeb [38, 39] by using CDSSTR [40–42] algorithm.

The data fits with an NRMSD value >0.1 were considered as quality fits.

Transmission electron microscopy (TEM) analysis

The fibril formation with different ratios of recombinant Human crystallin proteins αB, βB2

and γD were visualized by TEM (Hitachi H-9500, Hitachi Ltd.). Before applying the samples,

carbon film on square mesh copper was glow discharged for 25 sec to increase hydrophilicity.

20μl of 3mg/ml protein (fibril) was applied to film for 10 seconds. The excess sample was blot-

ted with filter paper and washed 3 times with 20 μl of buffer for 10 sec each. Then the samples

were stained with 20 μl of 2% (w/v) uranyl acetate solution for 10 sec. This solution was blotted

off and the grid was left in vacuum oven for 30 mins.

TEM images were analysed with ImageJ (Version 2.0) software. Particle analysis was per-

formed on at least three images per sample. Fibrillar structures bigger than 5 nm in radius

were counted. To start with, the background of the image has been subtracted with a balling

roll tool of 50 pixels. Than, the image was adjusted to threshold where the aggregate structures

have been identified. Finally the areas of particles have been analyzed with 0–1.0 circularity

and the ones bigger than 25 nm2 have been counted.

X-ray diffraction (XRD) measurements

The UV-B treated crystallin protein mixtures along with the control proteins were analyzed

with X-ray diffraction to determine the presence of fibrils and understand the supramolecular

arrangement of β-sheet structure. For the measurements, 5μl protein solution (15 mg/ml) was

deposit on the glass slide and air-dried. The dried samples were collected to create a small

clump and placed in the air to avoid the unnecessary peaks from substrate. A D8/Discover X-

UV-B induced fibrillization of crystallin protein mixtures
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ray diffractometer (Bruker, Co.) with CuKa radiation (40kV, 40mA) was used to determine

the X-ray diffraction patterns. 2 Theta ranges of each sample were from 0 to 26.5 degree with a

step size of 0.01 degree. The beam stopper was used to reduce the beam intensity at the low

angle (<2 degree). The collected data was analyzed by EVAtm software including data smooth-

ing (smooth factor at 1.5).

Chaperone activity measurements

Lysozyme aggregation assay with slight modification was used to measure chaperone activity

of α-crystallin [43]. Simply, the aggregation of 10μM lysozyme was initiated by 1mM TCEP

(Tris-2-carboxyethyl phosphine) in PBS buffer and the turbidity of the reaction mixture was

measured at 30˚C for 1 hour in the absence and presence of α-crystallin (or crystallin mixtures

such as 5:2:1 and 10:2:1). The lysozyme:α-crystallin molar ratio is kept 1:1 at all sample condi-

tions. The alterations in α-crystallin activity due to UV-B exposure was tested by using UV-B

treated samples. The turbidity in terms of absorbance change due to the aggregation of lyso-

zyme was followed at 400 nm and recorded by using a FlexStation13 Multimode Microplate

Reader (Molecular Devices, LLC.).

Results and discussion

UV-B induced fibrillization of crystallin proteins

The lens tissue has the highest protein concentration in the body consisting of 35–45% of its

weight [44]. Crystallin proteins constitute more than 90% of the total protein content of

human lens tissue. The three major crystallin protein groups, namely, α, β and γ are found in a

diversified ratio to each other in normal lens tissue [45]. Based on this work, we employed a

solution ratio of 1:2:1 for α:β:γ, which is similar to the normal lens tissue protein distribution.

In order to determine if UV-induced fibrillation was affected by α-crystallin content four dif-

ferent ratios of α, β and γ crystallin (α:β:γ as 0:2:1, 1:2:1, 5:2:1 and 10:2:1) at 3 mg/ml concen-

tration, were studied. Briefly, all protein solutions were incubated under UV-B light up to 10

hours. UV−B radiation was generated through a transilluminator (Syngene, Ltd. GMV20)

equipped with 6, 8Watt BL312 lamps with the output of 302 nm. The total UV intensity on the

surface was ~50W/m2 and the irradiation was applied at a distance of 30 cm. It has already

been determined that a 1 hour incubation under these conditions can mimic the 1h per day

direct exposure to sea-level solar radiation for 3 years [46], yielding the equivalent of 30 years

of 1 hour per day exposure to solar radiation.

The visual observation of the samples at different time points (1, 4, 6 and 10 hours) indi-

cated a color change from transparent to a pale yellow color with respect to UV-B exposure

period (Fig 1A), which is in agreement with previous studies suggesting the formation of

aggregates [34]. That color change is also similar to the change seen in human cataracts with

nuclear sclerosis [34]. On the other hand, the absorbance in visible range can be suggested to

be consistent with photo-oxidative modification of aromatic side chains in the proteins [47].

SDS-PAGE gels in Fig 1 show the UV-treated crystallin mixtures of 0:2:1, 1:2:1, 5:2:1 and

10:2:1 ratios at different time points of exposure. Low molecular weight bands are visible in the

gel images of 1:2:1, 5:2:1 and 10:2:1 ratios (Fig 1C–1E) at both time-0 and control samples

(10RT- no UV exposure). Those low molecular bands can be traced back to the αβ-crystallin

gel images in Fig A (in S1 File) and could be a result of non-mature expression of α-crystallin

(since they are still observed after His-tag removal) or some E.coli proteins captured by α-crys-

tallin as a result of its chaperon activity.

SDS-PAGE analysis of the samples revealed the formation of high molecular weight

(HMW) aggregates during the course of the incubation (Fig 1B to 1E). For all the ratios, the

UV-B induced fibrillization of crystallin protein mixtures
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dimer formation (the bands slightly lower than 55kDa) was observed in the first 30 min, which

increased in concentration at the end of the first hour. While dimers were still observable by

the end of the 5th hour, HMW aggregates became dominant as can be seen as the bands higher

than 170kDa. At the end of the 10th hour, HMW aggregates became too large to enter the

stacking gel. Meanwhile, the control samples, which were not subjected to UV-B light did not

show a similar aggregation profile, indicating either the absence of HMW aggregates or the

presence of reversible aggregates (in denaturing agents). Similar to previous results related to

development of age-related nuclear cataracts, where it was observed that gradual changes in

color occurred with time, our data shows (Fig 1) that the intensity of the HMW aggregates also

increased with UV-B exposure time (Also see S1 Fig) [45]. Thus, it’s possible to conclude that

UV-B radiation of crystallin proteins is an effective way of studying age-related cataract.

From these data, it seems apparent that UV-B radiation of these proteins formed aggregates

that were unable to be solubilized using SDS and β-mercaptoethanol, suggesting UV-B radia-

tion may induce irreversible changes to the protein structure [34]. It has been shown recently

that dityrosine adducts might be the source of covalent linkages between proteins, as opposed

to disulfide bridge, as they are known to be products of UV-B irradiation of proteins [47].

The depletion of monomeric proteins (20.1 kDa– α-crystallin, 23.4 kDa—β-crystallin and 20.7

kDa– γ-crystallin bands) has been observed during the 10 hours incubation period. After the 10 hr

incubation very weak bands for monomeric proteins were still present, however it was not possible

to identify the particular crystallin protein that was still in monomeric form. That said, the vast

majority of proteins in the sample were incorporated into the newly formed HMW aggregates.

Secondary structure alteration due to UV-B treatment

Cataractous aggregates can be present either as amorphous or amyloid-like fibrils [48]. Amy-

loid-fibrils are composed of well-organized cross-β-sheet structures, which are generated by

Fig 1. (A) The visual observation of different crystalline protein ratios for α:β:γ as 0:2:1, 1:2:1, 5:2:1 and 10:2:1 (tubes from left to right in both

pictures) at different time points of UV-B radiation. SDS-PAGE of (B) 0:2:1, (C) 1:2:1, (D) 5:2:1 and (E) 10:2:1 ratio crystalline proteins. Upper

lanes indicate the time points of UV exposure in hours (0, 0.5, 1, 5 and 10) and 10RT indicates 10 hours room temperature incubation (control

sample).

https://doi.org/10.1371/journal.pone.0177991.g001
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protein association leading to fibril development. Crystallin proteins have been shown to form

amyloid-fiber like aggregates both under denaturing conditions in vitro and during the aging

process in human eyes [1, 2]. These fibrillar structures are comprised of a cross-β-sheet struc-

ture, where β-sheets are stacked perpendicular to the axis of the fibril [2]. In order to deter-

mine if these UV-induced aggregates were comprised of β-sheet secondary structures the ThT

assay was employed. ThT incorporation to the β-sheet motifs result with increased fluores-

cence intensity and is accepted as a gold-standard assay for quantifying the presence of fibrils

[49].

Since the β-sheet secondary structure dominates in all three native crystallin proteins [50,

51], fluorescence intensity for the UV-B untreated/control samples was recorded for a baseline

comparison. Due to the different proportions of β-sheets in each crystallin protein [52], ThT

signal observed for UV-untreated samples showed different intensities with respect to each

other (Fig 2). However, the increase in fluorescent intensity in each sample as a function of

UV-B treatment (Fig 2; Inset graph) clearly revealed the amyloid-like fibril formation. Among

the studied ratios, 0:2:1 showed the highest increase in β-sheet content after UV-B treatment

(with a P value of<0.01 compared to all other ratios). The results also indicated that α-

Fig 2. ThT fluorescence emission spectra of crystallin proteins in 0:2:1, 1:2:1, 5:2:1 and 10:2:1 ratios incubated at room temperature for 10 hours

(solid lines) and exposed to UV-B radiation for 10 hours (dotted lines). Inset graph represents the relative intensity difference between UV-B treated

and untreated samples. The data represents the average of 3 independent experiments and error bars represent SD. *: P<0.01, ns: Not Significant.

https://doi.org/10.1371/journal.pone.0177991.g002
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crystallin inhibited β-sheet formation in a concentration dependent manner; a result that was

expected and correlated with the molecular function of α-crystallin illustrating our system has

similar characteristics as expected for the in vivo system. As a molecular chaperone, α-crystal-

lin is the major protein responsible from the lens tissue maintenance by interacting with par-

tially folded proteins to prevent their misfolding and mutual association [53, 54]. It’s also

known to inhibit aggregation of various proteins denatured by heat, pH or UV-radiation [15,

55, 56].

Following the confirmation of β-sheet structure in UV-B treated samples by using the ThT

dye incorporation; the detailed structural changes due to UV-B radiation were studied with far

UV-CD (Fig 3) and X-ray diffraction (Fig 4) measurements.

Crystallin proteins gave a CD spectrum indicative of a mixture of α-helix and β-sheet struc-

tures (Fig 3, solid lines). There were two minima for all of the samples; the stronger at 208nm

and a much weaker one at 218nm representing α-helix and β-sheet structures, respectively

Fig 3. Far UV-CD analysis of crystallin mixture of different ratios (0:2:1, 1:2:1, 5:2:1 and 10:2:1) incubated either at room temperature (solid lines)

or under UV-B radiation (dashed lines) for 10 hours. Inset graph: The secondary structure predictions acquired with DichroWeb [38, 39] by using

CDSSTR [40–42] algorithm. The data fits with an NRMSD value >0.1 were considered as quality fits and represented in the table. (Helix: α-helix, Strand: β-

sheet).

https://doi.org/10.1371/journal.pone.0177991.g003
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[57]. The ratio of these secondary structures with respect to each other was analyzed by using

CDSSTR [40–42] algorithm (The fits can be seen in S2 Fig). The analysis showed that α-helix

and β-sheet structures comprise 50% of total secondary structures and are approximately in

1:1 ratio for sample 0:2:1 (Fig 3; Inset Table; Helix + Strand). While the overall α-helix/β-sheet

structure remained around 50% for all crystallin mixtures; the ratio between α-helix and β-

sheet was shifted to the favor of β-sheet with the presence of α-crystallin.

Fig 4. X-ray diffraction analysis of crystallin mixture of different ratios (0:2:1, 1:2:1, 5:2:1 and 10:2:1) incubated either at room

temperature (lower graph) or under UV-B radiation (upper graph) for 10 hours.

https://doi.org/10.1371/journal.pone.0177991.g004
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A different spectrum was observed for UV-B treated samples (Fig 3, dashed lines). All of

the samples showed a strong minima at ~200nm, which indicates a shift towards random coil

structure [57]. Conversely, the broad peak around 208-220nm indicated the contribution of α-

helix and β-sheet structures. It is possible that aggregation induced the development of irregu-

lar structures during the rearrangement of β-sheets. The calculated secondary structure analy-

sis confirmed that the overall secondary structure was still consisted of ~50% α-helix/β-sheet

but overall structure was shifted to random coil. Moreover, the ratio between α-helix and β-

sheet contents indicated an increase in β-sheet ratio compared to control (RT) samples. The

increase in β-sheet structure was the highest for 0:2:1 and gradually decreased with respect to

increasing β-crystallin concentrations. The correlated decrease in α-helix structure suggests

that the random coils may arise from the structural change of the α-helix and turn contents of

the protein during the β-sheet stacking.

X-ray diffraction pattern of UV-B treated crystallins proved the presence of β-sheet struc-

ture and inter-β-sheet spacing (Fig 4). The indications of cross-β pattern, a sharp 4.7Å meridi-

onal reflection (corresponds to the distance between chains in the H-bonding direction) and a

broad reflection centred at 9Å on the equator (distance between face-to-face separation of β-

sheets), were observed [58]. 7.9Å may represent the interchain helical distances [59]. However,

since it was specific for UV-B treated samples, it’s possible that 7.9Å represents the distance

between the ends of 2 strands in different sheets during the turn. That explains its dominance

in UV-B treated samples since the untreated sample doesn’t contain that organized β-sheet

stacking. The peak at 9.6Å is suggestive of an anti-parallel arrangement of β-strands because

this spacing would correspond to every other β-strand. Meanwhile, 3.4Å is the distance

between α-carbon atoms in anti-parallel β-strands [60]. Together with 3.4Å and 9.6Å peaks,

the presence of 13.6Å might be the certain indication of anti-parallel β-strands, where 13.6Å
represents the fibril height (radius) composed of 4 amino acids (4 x 3.4Å = 13.6Å). Addition-

ally, the absence of 13.6Å peak in 5:2:1 and 10:2:1 ratios can support the finding of smaller

aggregates in these samples (Fig 5).

Size distribution of UV-B induced fibrils

While SDS-PAGE analysis (Fig 1) confirmed the presence of HMW aggregates in each sample,

the β-sheet content were significantly different (Fig 2). This might be due to the different size

and shape of the aggregates, which are too large to enter the stacking gel [61]. In order to inves-

tigate the possible shape and size variations in samples, TEM (Fig 5) analysis was performed.

No fibrillar or aggregated structures were found before UV-B exposure or after 10 hours

incubation at room temperature without UV-B exposure. The images for 0:2:1 and 1:2:1 ratios

show the development of fibrillar aggregates after 5 hr UV incubation, which were stable for

the following 5 hours (the 10 hr images for 0:2:1 and 1:2:1 ratios). The fibril surface area mea-

surement analysis of the sample 0:2:1, however, indicated the depletion of very large fibrils

during the last 5 hours of incubation. This may be the result of amyloid-fibril stabilization and

could indicate that the protofibrils don’t interact with each other to form bigger and stable

fibrils [2, 48]. On the other hand, 0:2:1 ratio sample contains more fibrillar structures com-

pared to 1:2:1 sample, both at 5hr and 10hr incubation. The presence of α-crystallin should

have prevented protein misfolding to some extent, resulting with the inhibition of further fibril

growth. That effect of α-crystallin became more evident when analyzing the 5:2:1 and 10:2:1

ratios. Both of the samples indicated the development of aggregates at the end of 5th hour of

UV-B exposure and both of them maturated into bigger structures by the end of 10th hour.

However none of these structures reach to the size of fibrils obtained from 0:2:1 and 1:2:1

ratios. Moreover, 10:2:1 ratio sample, probably due to the very high concentration of α-
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Fig 5. (A) Electron micrographs of crystallin fibrils at different ratios (from top to bottom; 0:2:1, 1:2:1, 5:2:1 and 10:2:1)

and different times of aggregation (from left to right; 0, 5 and 10 hours of UV-B exposure and 10 hours RT control). (B)

UV-B induced fibrillization of crystallin protein mixtures
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crystallin (and relatively decreased concentration of β/γ crystallins) almost completely elimi-

nated large size aggregate formation even after 10 hours of UV-B exposure. Remarkably, nei-

ther 5:2:1 nor 10:2:1 ratio samples resulted with fibrillar structures but globular aggregates.

Therefore, it is reasonable to speculate that their presence in lens tissue might not to lead cata-

ract formation.

Alterations in chaperone activity due to UV-B fibrillization

As a molecular chaperone, α-crystallin plays a key role in maintaining tissue by inhibiting the

fibrillation of crystallin proteins [53]. That function of α-crystallin is not limited with crystallin

proteins. It is shown that α-crystallin prevents the aggregation of various proteins denatured

by heat, pH or UV-radiation [15, 55, 56, 62]. Thus, the activity of the protein can be measured

with a variety of target proteins and denaturing conditions. Here, α-crystallin activity was

monitored as the inhibition of TCEP induced lysozyme aggregation. In the presence of TCEP,

lysozyme is being denatured and the aggregation is characterized through the increase in tur-

bidity (measured at 400 nm; Fig 6, red line) over a period of 1 hour. Meanwhile, non-dena-

tured lysozyme does not show any aggregation (Fig 6, solid black line).

The positive control of the chaperone activity test was native α-crystallin, which was shown

to protect lysozyme from TCEP denaturation for 1 hour (Fig 6, black line). Even after the

exposure to UV-B for 10 hours, α-crystallin still retained activity and decreased turbidity

(compare Fig 6 orange solid line with orange dashed line). Initially, the 5:2:1 and 10:2:1 sam-

ples not exposed to UV-B also provided protection against lysozyme precipitation where more

α-crystallin resulted in greater protection. On the other hand, adding the 5:2:1 UV-B treated

mixture did not inhibit lysozyme aggregation, indicating the absence of active α-crystallin in

the system. The two possible reasons behind that result might be the inactivation of all the α-

crystallin due to UV-B exposure or the incorporation of all the α-crystallin into the aggregates

regardless of denaturation. Similar results were obtained for 1:2:1 ratio indicating the absence

of free and/or active α-crystallins in the system (data not shown). However, 10:2:1 mixture

retained α-crystallin activity after UV-B exposure. It’s possible that there is free α-crystallin,

which didn’t become a part of the aggregates only at 10:2:1 ratio.

Conclusion

Cataract is considered as a protein aggregation disease. The natural pathways of ageing (oxida-

tive stress) and exposure to sunlight induce the oxidation, cross-linking, cleavage, and deami-

nation of crystallins resulting in the aggregation of proteins and eventually the formation of

cataract. Many denaturant conditions can provoke aggregation of crystallin proteins in vitro.

UV-B radiation can mimic the natural system and provides an appropriate platform to investi-

gate cataractous fibrils and possible treatment strategies.

Here, we investigated the fibrillation of α:β:γ crystallin protein mixtures. It was possible to

induce fibrillation of physiologically relevant ratios of crystallin proteins with UV-B radiation.

Moreover, time-dependent fibrillation profile was found to be similar with the gradual forma-

tion of age-related nuclear cataracts [45]. Formed fibrils were inhibited by the presence of the

molecular chaperone of the eye, α-crystallin, as it would be in natural tissue. Furthermore, our

results confirmed the development of amyloid-like fibrils, which are in cross-β-sheet form and

possibly in anti-parallel β-sheet arrangements.

Surface area distribution of fibrils in each sample. The bars represent the average of at least three images per

representative samples. Error bars represent SD.

https://doi.org/10.1371/journal.pone.0177991.g005
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In light of our findings, we conclude that UV-B induced fibrils of α:β:γ crystallin mixtures

can serve as a platform for studying cataract formation, which may also enable the testing of

alternate therapies for treatment (e.g. drug candidates). We envision that in the follow-up

studies utilization of higher protein concentrations (as high as found in natural lens tissue

~300 mg/ml) and different sub-types of α-, β- and γ-crystallin families would advance this sys-

tem to a more valid platform. We also believe that further structural analysis of these fibrils

using techniques like solid-state NMR would provide insight about the nature of the catarac-

tous fibrils.

Supporting information

S1 File. Expression and purification of Human crystallin proteins.

(DOCX)

S1 Fig. The color of crystallin mixture ratio 1:2:1 before and after UV-B radiation for 10

hr.

(DOCX)

Fig 6. TCEP induced lysozyme aggregation in the absence (red line) and the presence of crystallin proteins (α-crystallin, 5:2:1 and 10:2:1 ratios

of α:β:γ crystallins) incubated either at room temperature (solid lines) or under UV-B radiation (dashed lines) for 10 hours. Black solid line

represents the native Lysozyme without TCEP addition as control.

https://doi.org/10.1371/journal.pone.0177991.g006

UV-B induced fibrillization of crystallin protein mixtures

PLOS ONE | https://doi.org/10.1371/journal.pone.0177991 May 25, 2017 13 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177991.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177991.s002
https://doi.org/10.1371/journal.pone.0177991.g006
https://doi.org/10.1371/journal.pone.0177991


S2 Fig. CD spectrums and resulting fits.

(DOCX)

Acknowledgments

The authors acknowledge Julie Qian for TEM results obtained at National Institute for Nano-

technology (Edmonton).

Author Contributions

Conceptualization: CM KFD LDU.

Data curation: SC.

Formal analysis: SC.

Funding acquisition: CM.

Investigation: SC VS MGS JYC.

Methodology: SC VS.

Project administration: SC CM.

Resources: VS.

Supervision: SC CM.

Validation: SC.

Visualization: SC.

Writing – original draft: SC.

Writing – review & editing: LDU KFD CM.

References
1. Meehan S, Berry Y, Luisi B, Dobson CM, Carver JA, MacPhee CE. Amyloid fibril formation by lens crys-

tallin proteins and its implications for cataract formation. Journal of Biological Chemistry. 2004; 279

(5):3413–9. https://doi.org/10.1074/jbc.M308203200 PMID: 14615485

2. Ecroyd H, Carver JA. Crystallin proteins and amyloid fibrils. Cellular and Molecular Life Sciences. 2009;

66(1):62–81. https://doi.org/10.1007/s00018-008-8327-4 PMID: 18810322

3. Kosinski-Collins MS, King J. In vitro unfolding, refolding, and polymerization of human gamma d crystal-

lin, a protein involved in cataract formation. Protein Science. 2003; 12(3):480–90. https://doi.org/10.

1110/ps.0225503 PMID: 12592018

4. Wu JW, Chen M-E, Wen W-S, Chen W-A, Li C-T, Chang C-K, et al. Comparative analysis of human

gamma d-crystallin aggregation under physiological and low ph conditions. Plos One. 2014; 9(11).

5. Bloemendal H, de Jong W, Jaenicke R, Lubsen NH, Slingsby C, Tardieu A. Ageing and vision: Struc-

ture, stability and function of lens crystallins. Progress in Biophysics & Molecular Biology. 2004; 86

(3):407–85.

6. Zhou P, Luo Y, Liu X, Fan L, Lu Y. Down-regulation and cpg island hypermethylation of cryaa in age-

related nuclear cataract. Faseb Journal. 2012; 26(12):4897–902. https://doi.org/10.1096/fj.12-213702

PMID: 22889833

7. Zhu XJ, Zhou P, Zhang KK, Yang J, Luo Y, Lu Y. Epigenetic regulation of alpha a-crystallin in high myo-

pia-induced dark nuclear cataract. Plos One. 2013; 8(12).

8. Yang J, Zhou S, Gu JJ, Guo MF, Xia HH, Liu YZ. Upr activation and the down-regulation of alpha-crys-

tallin in human high myopia-related cataract lens epithelium. Plos One. 2015; 10(9).

9. Grainger RM. Embryonic lens induction—shedding light on vertebrate tissue determination. Trends in

Genetics. 1992; 8(10):349–55. PMID: 1475847

UV-B induced fibrillization of crystallin protein mixtures

PLOS ONE | https://doi.org/10.1371/journal.pone.0177991 May 25, 2017 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177991.s003
https://doi.org/10.1074/jbc.M308203200
http://www.ncbi.nlm.nih.gov/pubmed/14615485
https://doi.org/10.1007/s00018-008-8327-4
http://www.ncbi.nlm.nih.gov/pubmed/18810322
https://doi.org/10.1110/ps.0225503
https://doi.org/10.1110/ps.0225503
http://www.ncbi.nlm.nih.gov/pubmed/12592018
https://doi.org/10.1096/fj.12-213702
http://www.ncbi.nlm.nih.gov/pubmed/22889833
http://www.ncbi.nlm.nih.gov/pubmed/1475847
https://doi.org/10.1371/journal.pone.0177991


10. Lampi KJ, Ma ZX, Hanson SRA, Azuma M, Shih M, Shearer TR, et al. Age-related changes in human

lens crystallins identified by two-dimensional electrophoresis and mass spectrometry. Experimental

Eye Research. 1998; 67(1):31–43. https://doi.org/10.1006/exer.1998.0481 PMID: 9702176

11. Ma ZX, Hanson SRA, Lampi KJ, David LL, Smith DL, Smith JB. Age-related changes in human lens

crystallins identified by hplc and mass spectrometry. Experimental Eye Research. 1998; 67(1):21–30.

https://doi.org/10.1006/exer.1998.0482 PMID: 9702175

12. Truscott RJW. Age-related nuclear cataract—oxidation is the key. Experimental Eye Research. 2005;

80(5):709–25. https://doi.org/10.1016/j.exer.2004.12.007 PMID: 15862178

13. Varma SD, Hegde KR, Kovtun S. Uv-b-induced damage to the lens in vitro: Prevention by caffeine.

Journal of Ocular Pharmacology and Therapeutics. 2008; 24(5):439–44. https://doi.org/10.1089/jop.

2008.0035 PMID: 18788993

14. Lee JS, Liao JH, Wu SH, Chiou SH. Alpha-crystallin acting as a molecular chaperonin against photo-

damage by uv irradiation. Journal of Protein Chemistry. 1997; 16(4):283–9. PMID: 9188067

15. Reddy GB, Reddy PY, Suryanarayana P. Alpha a- and alpha b-crystallins protect glucose-6-phosphate

dehydrogenase against uvb irradiation-induced inactivation. Biochemical and Biophysical Research

Communications. 2001; 282(3):712–6. https://doi.org/10.1006/bbrc.2001.4642 PMID: 11401520

16. Hott JL, Borkman RF. Concentration-dependence of transmission losses in uv-laser irradiated bovine

alpha-crystallin, beta-h-crystallin, beta-l-crystallin and gamma-crystallin solutions. Photochemistry and

Photobiology. 1993; 57(2):312–7. PMID: 8451296

17. Sergeev YV, Soustov LV, Chelnokov EV, Bityurin NM, Backlund PS, Wingfield PT, et al. Increased sen-

sitivity of amino-arm truncated beta a3-crystallin to uv-light-induced photoaggregation. Investigative

Ophthalmology & Visual Science. 2005; 46(9):3263–73.

18. Sergeev YV, Backlund PS, Soustov LV, Chelnokov EV, Ostrovsky MA, Hejtmancik JF. Increased uv-

light sensitivity of amino-arm truncated beta a3-crystallin: Specific structural modifications. Investigative

Ophthalmology & Visual Science. 2005; 46.

19. Moran SD, Decatur SM, Zanni MT. Structural and sequence analysis of the human gamma d-crystallin

amyloid fibril core using 2d ir spectroscopy, segmental c-13 labeling, and mass spectrometry. Journal of

the American Chemical Society. 2012; 134(44):18410–6. https://doi.org/10.1021/ja307898g PMID:

23082813

20. Roberts JE. Ocular phototoxicity. Journal of Photochemistry and Photobiology B-Biology. 2001; 64(2–

3):136–43.

21. Ostrovsky MA, Sergeev YV, Atkinson DB, Soustov LV, Hejtmancik JF. Comparison of ultraviolet

induced photo-kinetics for lens-derived and recombinant beta-crystallins. Molecular Vision. 2002; 8

(10):72–8.

22. Sliney DH. Exposure geometry and spectral environment determine photobiological effects on the

human eye. Photochemistry and Photobiology. 2005; 81(3):483–9. https://doi.org/10.1562/2005-02-14-

RA-439 PMID: 15755194

23. Ambach W, Blumthaler M, Schopf T, Ambach E, Katzgraber F, Daxecker F, et al. Spectral transmission

of the optical media of the human eye with respect to keratitis and cataract formation. Documenta

Ophthalmologica. 1994; 88(2):165–73. PMID: 7781484

24. Kessel L, Eskildsen L, Lundeman JH, Jensen OB, Larsen M. Optical effects of exposing intact human

lenses to ultraviolet radiation and visible light. Bmc Ophthalmology. 2011; 11.

25. Chen J, Callis PR, King J. Mechanism of the very efficient quenching of tryptophan fluorescence in

human gamma d- and gamma s-crystallins: The gamma-crystallin fold may have evolved to protect tryp-

tophan residues from ultraviolet photodamage. Biochemistry. 2009; 48(17):3708–16. https://doi.org/10.

1021/bi802177g PMID: 19358562

26. Mizdrak J, Hains PG, Truscott RJW, Jamie JF, Davies MJ. Tryptophan-derived ultraviolet filter com-

pounds covalently bound to lens proteins are photo sensitizers of oxidative damage. Free Radical Biol-

ogy and Medicine. 2008; 44(6):1108–19. https://doi.org/10.1016/j.freeradbiomed.2007.12.003 PMID:

18206985

27. Oriowo OM, Cullen AP, Chou BR, Sivak JG. Action spectrum and recovery for in vitro uv-induced cata-

ract using whole lenses. Investigative Ophthalmology & Visual Science. 2001; 42(11):2596–602.

28. Schafheimer N, King J. Tryptophan cluster protects human d-crystallin from ultraviolet radiation-induced

photoaggregation in vitro. Photochemistry and Photobiology. 2013; 89(5):1106–15. https://doi.org/10.

1111/php.12096 PMID: 23683003

29. Chen JJ, Flaugh SL, Callis PR, King J. Mechanism of the highly efficient quenching of tryptophan fluo-

rescence in human gamma d-crystallin. Biochemistry. 2006; 45(38):11552–63. https://doi.org/10.1021/

bi060988v PMID: 16981715

UV-B induced fibrillization of crystallin protein mixtures

PLOS ONE | https://doi.org/10.1371/journal.pone.0177991 May 25, 2017 15 / 17

https://doi.org/10.1006/exer.1998.0481
http://www.ncbi.nlm.nih.gov/pubmed/9702176
https://doi.org/10.1006/exer.1998.0482
http://www.ncbi.nlm.nih.gov/pubmed/9702175
https://doi.org/10.1016/j.exer.2004.12.007
http://www.ncbi.nlm.nih.gov/pubmed/15862178
https://doi.org/10.1089/jop.2008.0035
https://doi.org/10.1089/jop.2008.0035
http://www.ncbi.nlm.nih.gov/pubmed/18788993
http://www.ncbi.nlm.nih.gov/pubmed/9188067
https://doi.org/10.1006/bbrc.2001.4642
http://www.ncbi.nlm.nih.gov/pubmed/11401520
http://www.ncbi.nlm.nih.gov/pubmed/8451296
https://doi.org/10.1021/ja307898g
http://www.ncbi.nlm.nih.gov/pubmed/23082813
https://doi.org/10.1562/2005-02-14-RA-439
https://doi.org/10.1562/2005-02-14-RA-439
http://www.ncbi.nlm.nih.gov/pubmed/15755194
http://www.ncbi.nlm.nih.gov/pubmed/7781484
https://doi.org/10.1021/bi802177g
https://doi.org/10.1021/bi802177g
http://www.ncbi.nlm.nih.gov/pubmed/19358562
https://doi.org/10.1016/j.freeradbiomed.2007.12.003
http://www.ncbi.nlm.nih.gov/pubmed/18206985
https://doi.org/10.1111/php.12096
https://doi.org/10.1111/php.12096
http://www.ncbi.nlm.nih.gov/pubmed/23683003
https://doi.org/10.1021/bi060988v
https://doi.org/10.1021/bi060988v
http://www.ncbi.nlm.nih.gov/pubmed/16981715
https://doi.org/10.1371/journal.pone.0177991


30. Chen JJ, Toptygin D, Brand L, King J. Mechanism of the efficient tryptophan fluorescence quenching in

human gamma d-crystallin studied by time-resolved fluorescence. Biochemistry. 2008; 47(40):10705–

21. https://doi.org/10.1021/bi800499k PMID: 18795792

31. Vazquez S, Parker NR, Sheil M, Truscott RJW. Protein-bound kynurenine decreases with the progres-

sion of age-related nuclear cataract. Investigative Ophthalmology & Visual Science. 2004; 45(3):879–

83.

32. Xia Z, Yang ZX, Huynh T, King JA, Zhou RH. Uv-radiation induced disruption of dry-cavities in human

gamma d-crystallin results in decreased stability and faster unfolding. Scientific Reports. 2013; 3.

33. Davies MJ, Truscott RJW. Photo-oxidation of proteins and its role in cataractogenesis. Journal of Photo-

chemistry and Photobiology B-Biology. 2001; 63(1–3):114–25.

34. Moran SD, Zhang TO, Decatur SM, Zanni MT. Amyloid fiber formation in human gamma d-crystallin

induced by uv-b photodamage. Biochemistry. 2013; 52(36):6169–81. https://doi.org/10.1021/

bi4008353 PMID: 23957864

35. Muranov KO, Maloletkina OI, Poliansky NB, Markossian KA, Kleymenov SY, Rozhkov SP, et al. Mecha-

nism of aggregation of uv-irradiated beta(l)-crystallin. Experimental Eye Research. 2011; 92(1):76–86.

https://doi.org/10.1016/j.exer.2010.11.005 PMID: 21093434

36. Mafia K, Gupta R, Kirk M, Wilson L, Srivastava OP, Barnes S. Uv-a-induced structural and functional

changes in human lens deamidated alpha b-crystallin. Molecular Vision. 2008; 14(29):234–48.

37. Lin SY, Ho CJ, Li MJ. Uv-b-induced secondary conformational changes in lens alpha-crystallin. Journal

of Photochemistry and Photobiology B-Biology. 1999; 49(1):29–34.

38. Whitmore L, Wallace BA. Dichroweb, an online server for protein secondary structure analyses from cir-

cular dichroism spectroscopic data. Nucleic Acids Research. 2004; 32:W668–W73. https://doi.org/10.

1093/nar/gkh371 PMID: 15215473

39. Whitmore L, Wallace BA. Protein secondary structure analyses from circular dichroism spectroscopy:

Methods and reference databases. Biopolymers. 2008; 89(5):392–400. https://doi.org/10.1002/bip.

20853 PMID: 17896349

40. Manavalan P, Johnson WC. Variable selection method improves the prediction of protein secondary

structure from circular-dichroism spectra. Analytical Biochemistry. 1987; 167(1):76–85. PMID: 3434802

41. Sreerama N, Woody RW. Estimation of protein secondary structure from circular dichroism spectra:

Comparison of contin, selcon, and cdsstr methods with an expanded reference set. Analytical Biochem-

istry. 2000; 287(2):252–60. https://doi.org/10.1006/abio.2000.4880 PMID: 11112271

42. Compton LA, Johnson WC. Analysis of protein circular-dichroism spectra for secondary structure using

a simple matrix multiplication. Analytical Biochemistry. 1986; 155(1):155–67. PMID: 3717552

43. Peschek J, Braun N, Franzmann TM, Georgalis Y, Haslbeck M, Weinkauf S, et al. The eye lens chaper-

one alpha-crystallin forms defined globular assemblies. Proceedings of the National Academy of Sci-

ences of the United States of America. 2009; 106(32):13272–7. https://doi.org/10.1073/pnas.

0902651106 PMID: 19651604

44. Aspects of transparency in the lens. Acta Ophthalmologica. 1969; 47(S103):5–9.

45. Su S, Liu P, Zhang H, Li Z, Song Z, Zhang L, et al. Proteomic analysis of human age-related nuclear cat-

aracts and normal lens nuclei. Investigative Ophthalmology & Visual Science. 2011; 52(7):4182–91.

46. Bilbao J, de Miguel A. Estimation of uv-b irradiation from total global solar meteorological data in central

spain. Journal of Geophysical Research-Atmospheres. 2010;115.

47. Dyer JM, Bringans SD, Bryson WG. Characterisation of photo-oxidation products within photoyellowed

wool proteins: Tryptophan and tyrosine derived chromophores. Photochemical & Photobiological Sci-

ences. 2006; 5(7):698–706.

48. Chiti F, Dobson CM. Protein misfolding, functional amyloid, and human disease. Annual review of bio-

chemistry. Annual review of biochemistry. 752006. p. 333–66.

49. Hawe A, Sutter M, Jiskoot W. Extrinsic fluorescent dyes as tools for protein characterization. Pharma-

ceutical Research. 2008; 25(7):1487–99. https://doi.org/10.1007/s11095-007-9516-9 PMID: 18172579

50. Frederikse PH. Amyloid-like protein structure in mammalian ocular lenses. Current Eye Research.

2000; 20(6):462–8. PMID: 10980658

51. Yu NT, East EJ. Laser raman spectroscopic studies of ocular lens and its isolated protein-fractions.

Journal of Biological Chemistry. 1975; 250(6):2196–202. PMID: 1167863

52. Siezen RJ, Argos P. Structural homology of lens crystallins .3. Secondary structure estimation from cir-

cular-dichroism and prediction from amino-acid-sequences. Biochimica Et Biophysica Acta. 1983; 748

(1):56–67. PMID: 6615851

53. Horwitz J. Alpha-crystallin can function as a molecular chaperone. Proceedings of the National Acad-

emy of Sciences of the United States of America. 1992; 89(21):10449–53. PMID: 1438232

UV-B induced fibrillization of crystallin protein mixtures

PLOS ONE | https://doi.org/10.1371/journal.pone.0177991 May 25, 2017 16 / 17

https://doi.org/10.1021/bi800499k
http://www.ncbi.nlm.nih.gov/pubmed/18795792
https://doi.org/10.1021/bi4008353
https://doi.org/10.1021/bi4008353
http://www.ncbi.nlm.nih.gov/pubmed/23957864
https://doi.org/10.1016/j.exer.2010.11.005
http://www.ncbi.nlm.nih.gov/pubmed/21093434
https://doi.org/10.1093/nar/gkh371
https://doi.org/10.1093/nar/gkh371
http://www.ncbi.nlm.nih.gov/pubmed/15215473
https://doi.org/10.1002/bip.20853
https://doi.org/10.1002/bip.20853
http://www.ncbi.nlm.nih.gov/pubmed/17896349
http://www.ncbi.nlm.nih.gov/pubmed/3434802
https://doi.org/10.1006/abio.2000.4880
http://www.ncbi.nlm.nih.gov/pubmed/11112271
http://www.ncbi.nlm.nih.gov/pubmed/3717552
https://doi.org/10.1073/pnas.0902651106
https://doi.org/10.1073/pnas.0902651106
http://www.ncbi.nlm.nih.gov/pubmed/19651604
https://doi.org/10.1007/s11095-007-9516-9
http://www.ncbi.nlm.nih.gov/pubmed/18172579
http://www.ncbi.nlm.nih.gov/pubmed/10980658
http://www.ncbi.nlm.nih.gov/pubmed/1167863
http://www.ncbi.nlm.nih.gov/pubmed/6615851
http://www.ncbi.nlm.nih.gov/pubmed/1438232
https://doi.org/10.1371/journal.pone.0177991


54. Acosta-Sampson L, King J. Partially folded aggregation intermediates of human yd-, yc-, and ys-crystal-

lin are recognized and bound by human alpha b-crystallin chaperone. Journal of Molecular Biology.

2010; 401(1):134–52. https://doi.org/10.1016/j.jmb.2010.05.067 PMID: 20621668

55. Liao JH, Lee JS, Chiou SH. Distinct roles of alpha a- and alpha b-crystallins under thermal and uv

stresses. Biochemical and Biophysical Research Communications. 2002; 295(4):854–61. PMID:

12127973

56. Ganea E. Chaperone-like activity of alpha-crystallin and other small heat shock proteins. Current Pro-

tein & Peptide Science. 2001; 2(3):205–25.

57. Kelly SM, Jess TJ, Price NC. How to study proteins by circular dichroism. Biochimica Et Biophysica

Acta-Proteins and Proteomics. 2005; 1751(2):119–39.

58. Makin OS, Atkins E, Sikorski P, Johansson J, Serpell LC. Molecular basis for amyloid fibril formation

and stability. Proceedings of the National Academy of Sciences of the United States of America. 2005;

102(2):315–20. https://doi.org/10.1073/pnas.0406847102 PMID: 15630094

59. Cormier AR, Ruiz-Orta C, Alamo RG, Paravastu AK. Solid state self-assembly mechanism of rada16-i

designer peptide. Biomacromolecules. 2012; 13(6):1794–804. https://doi.org/10.1021/bm300313h

PMID: 22559149

60. Marchesan S, Easton CD, Styan KE, Waddington LJ, Kushkaki F, Goodall L, et al. Chirality effects at

each amino acid position on tripeptide self-assembly into hydrogel biomaterials. Nanoscale. 2014; 6

(10):5172–80. https://doi.org/10.1039/c3nr06752a PMID: 24700146

61. Bolder SG, Sagis LMC, Venema P, van der Linden E. Thioflavin t and birefringence assays to determine

the conversion of proteins into fibrils. Langmuir. 2007; 23(8):4144–7. https://doi.org/10.1021/la063048k

PMID: 17341102

62. Markossian KA, Yudin IK, Kurganov BI. Mechanism of suppression of protein aggregation by alpha-

crystallin. International Journal of Molecular Sciences. 2009; 10(3):1314–45. https://doi.org/10.3390/

ijms10031314 PMID: 19399251

UV-B induced fibrillization of crystallin protein mixtures

PLOS ONE | https://doi.org/10.1371/journal.pone.0177991 May 25, 2017 17 / 17

https://doi.org/10.1016/j.jmb.2010.05.067
http://www.ncbi.nlm.nih.gov/pubmed/20621668
http://www.ncbi.nlm.nih.gov/pubmed/12127973
https://doi.org/10.1073/pnas.0406847102
http://www.ncbi.nlm.nih.gov/pubmed/15630094
https://doi.org/10.1021/bm300313h
http://www.ncbi.nlm.nih.gov/pubmed/22559149
https://doi.org/10.1039/c3nr06752a
http://www.ncbi.nlm.nih.gov/pubmed/24700146
https://doi.org/10.1021/la063048k
http://www.ncbi.nlm.nih.gov/pubmed/17341102
https://doi.org/10.3390/ijms10031314
https://doi.org/10.3390/ijms10031314
http://www.ncbi.nlm.nih.gov/pubmed/19399251
https://doi.org/10.1371/journal.pone.0177991

